cm inner diameter. The sample was sliced in 2-cm strata from the surface to and 8-cm 23 depth in the sediment, and slices from the same depth from replicate aquariums (three of 24 each treatment) were combined. The sediment redox potential was measured in each 25 combined slice with an electrode (SenTixORP), corrected by temperature and converted 26
to an E h value. The pore water was then extracted by squeezing the samples with a 27
Millipore Zero Headspace Extractor, (Millipore, Billerica, MA, USA) using 0.45-µm 1 filter (Nuclepore; Whatman), under N 2 atmosphere. 2 3 Two replicate sediment samples for P fractionation studies were collected from two C 4 units and two HIGH units on days 2 and 14. The samples were taken into small plastic 5 corers (see denitrification) and the water above the sediment was removed (siphoned) 6
immediately. The samples were kept in the corers at +5 ºC, capped and protected from 7 light. Each sediment core was subsampled the following day in an N 2 atmosphere (O 2 8 content below 5%) in a glove box, separating three sediment layers: 0-2 cm, 2-4 cm and 9 4-6 cm. The subsamples were stored in plastic bottles at +5 ºC until analyses (for about 3 10 weeks). The various chemical forms of sediment P were determined using a P 11 fractionation method slightly modified from that described in Jensen and Thamdrup 12 (1993) (detailed description in Lukkari et al., submitted). The method separates six P 13 pools (Jensen et al., 1995) : loosely adsorbed and pore water P (extracted with sodium 14 chloride, NaCl; referred to as NaCl-iP), a redox-sensitive fraction of P bound to hydrated 15 oxides of reducible metals (mainly those of Fe) (sodium dithionite, Na 2 S 2 O 4 , in 16 bicarbonate buffer, NaHCO 3 , at pH 7; NaBD-iP), P bound to oxides of Al and 17 nonreducible Fe (sodium hydroxide, NaOH; NaOH-iP), apatite-P (hydrochloric acid, 18
HCl; HCl-iP) and residual, mainly organic, P (extracted with HCl after combustion; . In addition to these five fractions, the pool of mobile organic P (nonreactive P, NRP) 20 was determined as the difference between total P (TP) and dissolved inorganic P (iP), 21 summarized from the first three steps. The iP was determined from filtered (Nuclepore 22 polycarbonate membranes, pore size 0.4 µm) extracts with a UV-VIS spectrophotometer 23 (Genesys 10uv Thermo Spectronic; Genesys, Daly City, CA, USA) with a 50-mm flow-24 injection cuvette and TP with a spectrophotometer after acid persulphate digestion 25 (Koroleff, 1983) . 26
The sediment dry matter (DM) content was first determined using a moisture analyser (a 1 balance equipped with a halogen lamp dryer, Ohaus MB45; Ohaus, Pine Brook, NJ, 2 USA), and the amount of fresh sediment extracted was determined as a fresh weight 3 corresponding to 0.3 g dry mass. The volume of the extracts was always 30.0 ml yielding 4 a sediment DM-to-solution ratio of 1:100. The sediment subsamples were not sieved, but 5 visible animals or their remains were removed. 6 7 The effects of Marenzelleria spp. and time on denitrification and benthic nutrient fluxes 8 were tested using two-factor analysis of variance (ANOVA) and when significant 9 differences (α = 0.05, p < 0.01) were found, treatments were further tested against the C 10 units, using Dunnett's test (α = 0.05). Differences in pore water nutrient profiles between 11 the treatments and sampling occasions, based on concentrations in different layers, were 12 tested using the multivariate analysis of similarities (ANOSIM) procedure (Clarke and 13 Warwick, 2001 ). The differences in sediment P fractions between the C and HIGH 14 treatments were tested using t-tests assuming unequal variances (α = 0.05, p < 0.05) and 15 the effects of time within treatment were tested using paired t-tests (α = 0.05, p < 0.05). 16
The significances of all correlations (denitrification, fluxes, concentrations of dissolved 17 O 2 and nutrients) were analysed using Pearson's correlation test (α = 0.05, p < 0.01). 18
19

Results
21
In the C units, the two-layer structure basically persisted until the end of the experiment. 22
By day 6 some darkening of the initially light brown colour in the lower parts of the 23 surface layer was observed. By day 14, there was an even more clear difference and only 24 the uppermost 5 mm in the C units had retained the original colour, whereas the lower 25 part of the surface layer was clearly darker, with black spots, indicating reduction andsulphide formation. Microbial growth on the sediment surface was indicated by light-1 coloured patches and increase in surface roughness by day 14. 2 3
The worms began to burrow immediately after they had been transferred to the 4 aquariums. Burrows were observed from day 2 onwards, both in the LOW and HIGH 5 units. Sometimes worm heads projected out of the sediment and the worms were lashing 6 with their palps to feed but disappeared quickly when disturbed. The burrows formed a 7 dense network in the vertical and horizontal directions, especially in the HIGH density 8 units. Active burrowing was observed in the uppermost 5 cm and single burrows 9 penetrated to more than 8-cm depths in the sediment. Occasionally a thin and transparent 10 membrane lining was observed in the burrows. The deeper parts of the upper sediment 11 layer became darker in the same way as in the C units. However, the actively used worm 12 burrows could be distinguished even in the deep sediment by a thin light-coloured, 13 apparently oxidized layer that was similar to the colour of the sediment surface. 14 15 Burrow openings and faecal pellets were visible on the sediment surface. The faecal 16 pellets were up to 7 mm in length and formed radial cones around the openings. In the 17 HIGH units the sediment surface was almost completely covered by pellets by day 14, 18 whereas in the LOW units roughly half of the surface was covered by pellets and the 19 other half resembled the surface of the C units. After day 14 some additional units that 20
were not used for the experiment were sieved. The worms in these units were all alive 21 and actively swimming when transferred to the water. 22
23
The O 2 penetration depth ranged from 0.3 to 1.5 mm and was 0.5 mm at 17 out of the 28 24 times measured, with no differences between the treatments. The O 2 consumption 25 likewise did not differ between the treatments, since the O 2 concentration 0.5 cm above 26 the sediment surface was similar in all aquariums. There were no clear differences inday 2, the flux in the HIGH (but not the LOW) units was significantly higher than in the 1 C units. . In all units the concentrations at 2-8-cm depths were very low, < 5 µmol l -1 , and did 23 not vary during the experiment. In the HIGH units the surface layer Fe concentrations fell 24 to low levels, similar to those observed in the deep sediments on days 6 and 14. No 25 significant differences were detected in any of the pore water nutrient profiles between 26 the treatments or sampling occasions. 
Sediment P fractions 2
The difference in P fractions between the treatments and as a function of time could not 3 be tested statistically at each data point, because there were only two replicate samples in 4 the C units on day 14. The concentration of total extractable P (TP extr ) was about 60 and 5 40 µmol g -1 DM in the surface (0-2 cm) and bottom (2-6 cm) sediment layers, 6 respectively, with NaBD-iP and HCl-iP forming the major fractions. NaCl-iP and NaBD-7 iP were the fractions most affected by the treatment, while Res-P was the most stable P 8 form (Figure 4) . 9
NaCl-iP constituted only a minor percentage of TP extr (< 1%). Its concentration was 11 highest in the surface layer (0-2 cm) and did not change markedly in the C units between 12 days 2 and 14. The increase in NaCl-iP in the surface layer from day 2 to day 14 in the 13 HIGH units was significant. On day 2, the HIGH units had significantly lower NaCl-iP at 14 0-2 cm than the C units. On day 14, no marked differences between the treatments were 15 found. 16 17 NaBD-iP formed 11-35% of the TP extr . Its percentage of the sediment P was higher in the 18 0-2-cm layer than in the other two layers and increased during the experiment, especially 19 in the surface layers and in the HIGH units. NaBD-iP in the HIGH units was significantly 20 higher on day 14 than on day 2 in the two uppermost layers. The evident increase with 21 time in the C units (Figure 4) could not be tested statistically (only two replicates on day 22 14). On day 2, NaBD-iP was lower in the HIGH units than in the C units at 0-2 cm and 2-23 nitrification rate was not likely, because the animals enhance nitrification by increasing 13 the oxic-anoxic interfaces in the sediment (Pelegri and Blackburn, 1994; Tuominen et al., 14 1999; Svensson et al., 2001) . DNRA is usually considered to be of minor importance in 15 natural sediments and to occur mainly in organically enriched environments, such as fish 16 farm sediments (Hattori, 1983; Christensen et al., 2000) . However, Karlson et al. (2005) community. However, both the denitrification rates and the concentrations of labile 22 organic carbon peak in October-December in the study area (Hietanen and Kuparinen, in 23 press). In addition, the D15 rates nearly doubled from day 2 to day 14 in all aquariums, 24 indicating that enough carbon was available for the denitrifiers. The increasing D15 rates 25 also verify that the denitrifying bacteria were not grazed faster than they grew. Hupfer (2005) in experiments using chironomids (Chironomus plumosus (L.)) and 7 oligochaetes (Tubifex tubifex (Müller) and Limnodrilus hoffmeisteri (Claparède)). In 8 addition, organic substances excreted by burrowing animals (e.g. Kristensen, 1988) and 9 the organic molecules produced in the enhanced degradation or transformation of organic 10 matter may to some extent block the binding surfaces for P in the burrow channels, 11 leading to higher efflux out of the sediment. In the LOW treatments, the PO 4 The high density of Marenzelleria sp. clearly affected the distribution of P into different 25 forms in the sediment. At the beginning of the experiment, the activity of Marenzelleria23 surface sediment, which was reflected in the high PO 4 3-flux out of the sediment in the 1 HIGH units. Although small, such changes in NaCl-iP may be important, because even P 2 concentrations near the detection limit of the common analytical methods used can affect 3 algal growth (Baldwin et al., 2003) . The effect of Marenzelleria sp. was most 4 pronounced in the redox-sensitive P fraction (NaBD-iP). The increase in NaBD-iP in the 5 surface sediment of the HIGH units was probably related to sediment oxidation by 6 animal reworking, as was also noted by Lewandowski and Hupfer (2005) . The increase 7 in redox-sensitive P in the surface layer of the C units may have been caused by a slow 8 reduction of the bottom sediment and consequent release, upward diffusion and 9 entrapment of P to the Fe compounds in the oxic sediment. The increase in NRP towards the end of the experiment in the HIGH treatment, on the 20 other hand, may have resulted from the enhanced degradation of the more resistant 21 organic matter affected by sediment reworking, and the congruent decrease in the Res-P 22 fraction supports this conclusion. Kristensen et al. (1992) reported that bioturbation 23 caused loss of detritus and that the relatively refractory organic matter was affected more 24 than the labile material. Since NRP extracted with NaOH also includes inorganic P 25 compounds, e.g. polyphosphates and pyrophosphates that are produced in biologicalsurface sediment, improving its ability to retain P and support nitrification. Therefore, the 23 impact of Marenzelleria spp. on sediment nutrient release may not be as drastic as the 24 initial reactions seen in our experiments suggest. 25 
